Background: Although Etv2 is an essential transcriptional regulator during embryogenesis, the transcriptional regulation of Etv2 gene expression is not well understood. Results: Multiple signaling cascades were defined as regulators of Etv2 gene expression. Conclusion: These studies define upstream and downstream networks to regulate Etv2 gene expression. Significance: This is the first report to comprehensively characterize the transcriptional regulation of Etv2 gene expression.
Recent studies have begun to define regulators and networks that play key roles in the specification of hematoendothelial lineages early during embryogenesis. Flk1 and Flt1 are two important cell surface tyrosine kinase receptors for the Vegf ligand that are required for the development of mesoderm (1) (2) (3) . The Flk1 mutant embryo is lethal by embryonic day (E) 3 8.5 to E9.5 because of a lack of hematopoietic and endothelial lineages in both the embryo proper and the yolk sac, which is similar to the phenotype of the Vegfa null embryo (4 -6) . In contrast, the targeted deletion of Flt1 results in enhanced production of endothelial lineage progenitors, abnormal "supersized" vasculature, growth arrest, and embryonic lethality by E8.5 (7) . However, the deletion of the tyrosine kinase domain of Flt1 does not impact vascular development, which indicates that the kinase activity of Flt1 is not essential for endothelial development (8) . Rather, biochemical studies have established that Flt1 has a higher affinity for the Vegf ligand (ϳ10-fold) than for the Flk1 receptor (9, 10) , supporting the notion that Flt1 functions as a Vegf ligand reservoir, thereby inhibiting the Vegf/Flk1 signaling pathway. Flk1 regulates multiple aspects of angiogenesis, including cell migration, cell proliferation, cell survival, and vascular permeability, that are mediated through signaling cascades initiated by tyrosine phosphorylation (1, 2) . Flk1 also plays important roles in the transcriptional regulation of gene expression through its downstream effectors, including Creb1 and NFAT (11) (12) (13) .
NFATs bind to the conserved core sequence (5Ј-GGAAA-3Ј) through its Rel homology region domain (14) . The NFAT family is composed of five NFAT genes: NFAT1 (NFATc2, NFATp), NFAT2 (NFATc1, NFATc), NFAT3 (NFATc4), NFAT4 (NFATc3, NFATx), and NFAT5 (15, 16) . NFAT factors play important roles in a variety of cellular processes, including immune cellular response, fiber-type specification in skeletal muscle, cardiovascular development, and osteoclast differentiation (15) (16) (17) (18) . Gene disruption technologies have contributed to our understanding of NFAT biology. For example, the Nfat2 null embryo dies because of perturbed cardiac morphogenesis (19, 20) . Although Nfat3 knockout mice have no apparent defect, the Nfat3 and Nfat4 double knockout is lethal because of vascular defects (21) . The activity of Nfat1-4 factors is regulated by Ca 2ϩ /Calcineurin (18, 22) , and dephosphorylation of NFAT by Calcineurin leads to its translocation into the nuclear compartment and interaction with other cofactors, such as AP1, Myod, SRF, Rcan1, and CREB-binding protein, to regulate gene expression (14, (23) (24) (25) . Rcan1 has been identified as a Calcineurin-binding factor and inhibited the activity of Calcineurin (26) . Rcan1 has also been identified as a target gene of Vegf/Flk1 signaling through the Calcineurin-NFAT cascade (13, 27) .
Recent studies have identified Etv2 as an essential regulator of the hematoendothelial lineages. Etv2 is expressed early during gastrulation (E7.0), up-regulated at E7.5, and then downregulated from E8.5 during murine embryogenesis (28) . Genetic studies in mice and morpholino knockdown strategies in zebrafish and Xenopus have demonstrated that Etv2 plays a critical role in mesodermal lineage specification (29 -32) . The transition of an Flk1 ϩ /Pdgfra ϩ primitive mesodermal cell population to an Flk1 ϩ /Pdgfra Ϫ lateral plate mesodermal population is perturbed in the absence of Etv2 during embryogenesis (33) . Moreover, conditional knockout studies have revealed that Etv2 also regulates vitelline plexus formation, intra-aortic hematopoiesis, and the remodeling of cranial vascular structures (34) . Previous studies have also established that the functional role of Etv2 is mediated, in part, through its interacting factors in a context-dependent fashion. For example, the Etv2-Foxc2 complex recognizes the Ets-Forkhead composite motif in the promoters of 30% of endothelial genes (35) . In addition, Gata2 has been shown to serve as an amplifier of Etv2 activity in both endothelial and hematopoietic lineages (36) . Other interacting factors, such as Jmjd1a and Ovol2, also influence the function of Etv2 (37, 38) . The upstream regulators for Etv2 have been incompletely defined. Recent studies support the notion that Mesp1 and Creb1 are upstream regulators of Etv2 gene expression in the mouse (39 -41) . In zebrafish, Foxc1 has been reported as an upstream activator of Etv2, whereas Scl and Nkx2.5 repress Etv2 gene expression (42, 43) . Interestingly, continued expression of Etv2 in hematoendothelial lineages has been shown to cause overendothelialization, reminiscent of the Flt1 mutant phenotypes (44) . Despite the limited studies of Etv2 activation, a comprehensive definition of the positive and negative upstream regulators of the Etv2 gene is lacking, partially because of the lack of a suitable cell line that recapitulates the embryonic context in which Etv2 is expressed. Specifically, Etv2 expression is induced and extinguished rapidly during hematopoietic and endothelial lineage specification from the nascent mesoderm. A system that recapitulates the expression pattern of Etv2 will provide an enhanced understanding of the mechanisms governing Etv2 gene expression.
In this study, we developed a novel strategy, utilizing ES cell lines with stable integration of promoter fragments fused to a reporter, to comprehensively dissect the transcriptional regulatory Etv2 cascade early during embryonic development. Our studies demonstrate that Etv2 autoactivates its own gene expression and that Vegf/Flk1 signaling transactivates Etv2 gene expression through the Vegf/Flk1-Calcineurin-NFAT cascade. We also identified the Flk1-Etv2-Flt1 cascade as the negative feedback mechanism that down-regulates Etv2 gene expression.
Experimental Procedures
Generation of the Etv2 Promoter Mutant (Mut) ES Cells-The 3.9-kb upstream promoter was deleted in V6.5 ES cells using the CRISPR/Cas9 system following protocols described previously (45) . The 5Ј (AATGCAAGCTTACCCCCAGC) and 3Ј (GCCAGAGGTGAGCCACGAAC) guide RNAs (gRNAs) were cloned into the mammalian codon-optimized Cas9 expressing plasmid pX459 (Addgene, plasmid 48139). V6.5 ES cells were transfected with two plasmids expressing the 5Ј and 3Ј gRNAs targeting the 5Ј and 3Ј ends of the Etv2 3.9-kb upstream promoter. 24 h after transfection, cells were treated with 2 g/ml puromycin for 48 h. The cells were then seeded at a clonal density on mouse embryonic fibroblast feeder cells. Individual colonies were selected after 7 days, expanded, and genotyped by PCR (the WT would yield a 4501-bp product, whereas a biallelic deletion of the promoter would yield an ϳ454-bp product). The PCR products were cloned into the pCR2.1 TOPO plasmid, and the deletion was verified by sequencing. The clone verified for homozygous deletion of the promoter (Mut) was characterized further by EB differentiation, qRT-PCR, and FACS.
Generation of Etv2 Mut Embryos-For in vitro synthesis of gRNAs, each gRNA was PCR-amplified from the sequenceverified plasmids used for transfections in ES cells with the T7 promoter appended to the 5Ј end. The PCR products were used to transcribe the gRNAs in vitro with the MEGAscript T7 transcription kit (Thermo Fisher, catalog no. AM1334). The RNA transcripts were purified using the miRVana miRNA isolation kit (Thermo Fisher, catalog no. AM1561) and stored at Ϫ80°C until use. The Cas9 mRNA was purchased from PNA Bio (catalog no. CR01). For microinjections, sexually immature female C57BL/6J mice (4 weeks old) were superovulated by intraperitoneal injection of 5 IU of pregnant mare serum, followed by 7.5 IU of human chorionic gonadotropin at an interval of 48 h and mated overnight with C57BL/6J male mice that were more than 12 weeks old. Zygotes were collected after 20 h of human chorionic gonadotropin injection by oviductal flushing, and zygotes with pronuclei were placed into M2 medium. Microinjection was performed using a microscope equipped with a microinjector (Eppendorf). Approximately 4 pl of RNA solution containing 40 ng/l of CAS9 mRNA and 20 ng/l of each of the 5Ј and 3Ј gRNA was injected into the cytoplasm of each zygote using continuous pneumatic pressure. Injected zygotes were transferred, on the same day, a into the oviductal ampullae (15 embryos/oviduct) of 7-to 8-week-old female ICR mice mated with vasectomized ICR males. E8.5 embryos were harvested and genotyped using genomic DNA purified from yolk sac biopsy from each embryo. Embryos genotyped for homozygous deletion of the 3.9-kb promoter were sectioned, and immunohistochemistry was performed using anti-endomucin antibody (Abcam, catalog no. ab106100). For qRT-PCR, embryos were stored immediately in TRIzol after collecting the yolk sac sample for genotyping. RNA was extracted from homozygous promoter mutants, and qRT-PCR was performed.
DNA and RNA Manipulation-The 3.9-kb Etv2 promoter-EYFP construct and transgenic mouse model have been reported previously (46) . The Etv2 minireporter was constructed by subcloning conserved region (CR) I and CRII into the pGL3TATA vector. The mutation of the designated motifs was constructed in the minireporter using PCR and verified by DNA sequence analysis. The 0.7-kb Flt1 promoter and mutants were fused to pGL3-TATA as the reporter using PCR and confirmed using DNA sequence analysis. The Nfat3 plasmid was purchased from Open Biosystems. RNA extraction and cDNA synthesis were performed as described previously (41) . The TaqMan probes utilized for quantitative PCR included Etv2 (Mm00468972_m1), Flk1 (Mm00440085_m1), Flt1 (Mm1210866_m1), Gapdh (4352339E-1208041), Cd31 (Mm01246167_m1), Cdh5 (Mm00486938_m1), and Cd41 (Mm00439741_m1). To detect the endogenous Etv2 gene specifically (not the overexpressed Etv2), the primer pair was designed to include the 5Ј-UTR region of the Etv2 gene. ZsGreen was measured using custom primers (CTACTTCAA-GAACTCCTGCCC and TCGTGGTACATGCAGTTCTC) and Sso Advanced Universal SYBR Green Supermix (Bio-Rad).
ES Cell and Embryoid Body Differentiation and FACS Analysis-ES cells overexpressing HA-tagged Etv2 (iHA-Etv2) have been reported previously (28) . HA-Etv2 was induced by doxycycline treatment of iHA-Etv2 EBs on day 4 for the indicated time, and then the gene expression profile was examined using qRT-PCR upon induction of HA-Etv2 (28) . To construct the Etv2 promoter-ES cell reporter, the Etv2 promoter was inserted into the pZsGreen1-DR vector, which expresses the destabilized ZsGreen1 protein. The fragment containing the Etv2 promoter-ZsGreen1-DR was then subcloned into the p2Lox vector. The reporter-p2Lox vector was then electroporated into A2Lox-Cre mouse ES cells to generate the ES cell reporter. ES cell maintenance and EB differentiation were performed as described previously (47) . EBs were treated with proteasome inhibitor (10 nM MG132) to prevent the degradation of the destabilized ZsGreen1-DR protein for 5 h prior to harvest. FACS analysis was performed to examine the ZsGreen1 protein profile using a BD Biosciences FACSAria II and analyzed with FlowJo software (46) .
Calcineurin Inhibition-Cyclosporin A (CSA) was obtained from EMD Chemicals (catalog no. 239835), reconstituted at 25 mg/ml (20.8 mM) in DMSO, and stored at Ϫ20°C. Immediately prior to treatment, the CSA was diluted to 0.32 mM in DMSO and then diluted 1:1000 in mouse EB differentiation medium for a final concentration of 0.32 M CSA and 0.1% DMSO. FK506 was obtained from Enzo Life Sciences (catalog no. NC9795140) and reconstituted at 1 mg/ml (1.24 mM) in DMSO. Immediately prior to treatment, FK506 was diluted 1:1000 in mouse EB differentiation medium for a final concentration of 1.24 M FK506 and 0.1% DMSO. ES cells (reporter line 4) were differentiated into EBs as described previously (46) . Cells were treated with CSA, FK506, or vehicle (0.1% DMSO) in mouse EB medium from EB D2-4. Cells were harvested on D4. RNA extraction and cDNA synthesis were performed as described above.
ChIP and Transcriptional Assays-Chromatin preparation and ChIP assays were performed using Millipore reagent (36) . Antibodies utilized in the ChIP assay included rabbit anti-HA (Y-11) and polyclonal anti-Nfat3 (H-74) sera (Santa Cruz Biotechnology). Quantitative PCR was performed with the immunoprecipitated DNA to examine the enrichment of specific regions and normalized to the Gapdh region. The primer pairs for the Etv2 proximal promoter, the Etv2 distal enhancer, and Gapdh have been reported previously (41) . The primers used for the synthesis of the Flt1 proximal promoter included the following: 5Ј-GCTGAGTAAGCTCGGTGGAG-3Ј and 5Ј-AGG-TTCAGGGTCCTTGCTCT-3Ј; distal promoter, 5Ј-TTGCT-AGGCAAGCAGGAGAT-3Ј and 5Ј-AGACCCTTTCCCCAG-AAGTG-3Ј. 293T cells were maintained in 10% FBS medium and transfected with FuGENE HD reagent (Promega). VEGF treatment was performed as described previously (39) . Transcriptional assays were performed using the Dual-Luciferase reporter assay system (Promega) following the directions outlined in the user manual.
Animals and LacZ Staining-The Etv2 conditional knockout has been described previously (41) . Flk1-Cre mice were provided by Tom N. Sato (48) . Flt1 knockout mice were provided by Guo-Hua Fong (7) . LacZ staining was performed as described previously (49) . All embryos were stained for 6 h prior to fixation. Histological sections were counterstained with nuclear fast red using standard protocols. All mice were maintained at the University of Minnesota using protocols approved by the Institutional Animal Care and Use Committee and Research Animal Resources.
Statistics-All data represent the mean Ϯ S.D. of at least three replicates. Kruskal-Wallis test, Dunn's test, or Student's t test was performed, and p Ͻ 0.05 was deemed to be significant (50) .
Results
Characterization of the Etv2 Promoter and Enhancer-We have previously identified the 3.9-kb Etv2 promoter, which is sufficient to direct the expression of the enhanced yellow fluorescent protein (EYFP) reporter to the endocardial/endothelial and hematopoietic lineages (31, 46) . However, whether all the regulatory elements required for Etv2 expression reside in this promoter fragment was not clear. In this study, we used CRISPR/Cas9 technology to delete the 3.9-kb promoter fragment in ES cells (Fig. 1A ). The ES cell clone with homozygous deletion of the promoter (Mut) was verified by PCR ( Fig. 1B) , and the PCR product was sequence-verified for the deletion. We used the ES/EB differentiation system to further characterize the Mut cells. Gene expression analysis using qRT-PCR revealed that the Mut cells have over 95% of reduction of Etv2 compared with the WT cells in D4 EBs (Fig. 1C ). We then performed FACS analysis on D6 EBs to determine the differentiation potential for these cells. Mut cells completely lacked the hematopoietic lineage, as determined by CD41/CD45 doublestaining and were similar to the Etv2 null (Null) ES cells ( Fig. 1 , D-F). The endothelial lineage in Etv2 Mut ES cells/EBs was completely absent, as determined by CD31/Flk1 double-staining, whereas single positive cells were reduced severely ( Fig. 1 , G and H).
To verify the results in vivo, we deleted the 3.9-kb promoter fragment in mouse embryos by injecting zygotes with the Cas9 mRNA and guide RNAs. The Etv2 Mut embryos were nonviable and lacked vasculature and hematopoietic lineages. Histological and immunohistochemical analyses revealed essentially an absence of endothelial/endocardial lineages in the Mut embryos at E8.5 (Fig. 1, I and J) . The dorsal aorta and endocardium were not detected in the Mut embryo. We also could not detect endothelium and blood cells in the Mut yolk sac (Fig.  1K ). Gene expression analysis revealed an approximately 90% reduction of Etv2 expression in the E8.5 Mut embryo compared with the WT (Fig. 1L ). Endothelial marker CD31 and hematopoietic marker CD41 expression was also reduced by more than 90% compared with the WT (Fig. 1L ). In summary, these studies indicate that the transcriptional regulatory elements for Etv2 are located within the 3.9-kb promoter region and that deleting this region largely phenocopies the global Etv2 knockout embryos. Importantly, although this Etv2 deletional mutant is nonviable and lacks hematoendothelial lineages, there remains the possibility that other enhancers may transactivate Etv2 gene expression, but at a very low level (i.e. less than 5%). Nevertheless, these gene editing results provided the rationale for examining the 3.9-kb Etv2 promoter upstream region in greater detail.
We have reported previously that Etv2 is transactivated by the Flk1-p38-Creb1 signaling cascade and that Mesp1 is an upstream regulator of Etv2 during embryogenesis (39, 41) . To further explore the regulation of Etv2 gene expression in a developmental context, we established a system in which promoter activity could be monitored during mouse EB differentiation. We utilized the A2Lox homologous recombination system to establish stably integrated ES cell lines (47) . As shown in Fig. 2A , the expression of Etv2 was undetectable in A2Lox ES cells in the undifferentiated state, up-regulated by day 2 of EB differentiation, peaked at day 4, and was then down-regulated. The expression pattern of Etv2 in the A2Lox ES cell/EB system recapitulated the expression pattern observed during mouse embryogenesis, as reported previously (28) . We then fused the 3.9-kb Etv2 promoter and its deletional constructs to the ZsGreenDR reporter, which was inserted into the p2Lox vector ( Fig. 2B ). The promoter-ZSGreenDR constructs were then integrated into A2lox ES cells using homologous recombination. Using these constructs, we initially detected a minimal GFP signal during differentiation of these ES cell lines (Fig. 2C , Control). We hypothesized that the limited signal was due to the rapid degradation of the ZsGreenDR protein. Therefore, we treated the EBs with MG132, a proteasome inhibitor, before analyzing the ES cells/EBs using FACS. We observed no effect of MG132 treatment on wild-type EBs but a robust GFP signal after 5 h of MG132 treatment in EBs from the ES cell line harboring the full-length 3.9-kb construct (#1, Fig. 2C ). Therefore, in subsequent experiments, we treated ES cells/EBs with MG132 for 5 h prior to harvesting. As shown in Fig. 2D , ES cell line 1 revealed a similar expression pattern of ZSgreen expression compared with the endogenous Etv2 mRNA. ES cell line 2, which harbored only CRI, had a minimal signal during EB differentiation. ES cell line 3, which harbored only CRII, showed a similar pattern as that of ES cell line 1, although the signal intensity was lower, and the profile of ES cell line 4, which harbored both CRI and CRII but lacked the non-conserved sequence in between, was almost the same as that of ES cell line 1. These results suggested that the critical regulatory motifs in the 3.9-kb upstream region were located within CRI and CRII (construct 4). Therefore, we utilized the CRI-CRII fusion enhancer-promoter as the minireporter of the Etv2 gene in the following experiments (41) .
Autoactivation of Etv2 Gene Expression-To investigate the autoregulation of Etv2, we examined endogenous Etv2 expression following the induction of Etv2 using iHA-Etv2 ES cells in the ES cell/EB system. As shown in Fig. 3A, early Etv2 resulted in increased endogenous Etv2 expression, whereas later induction of Etv2 repressed endogenous Etv2 expression. Utilizing ChIP assays, we observed that Etv2 interacted with the proximal Etv2 promoter (CRII), whereas interaction with the distal enhancer (CRI) was minimal (Fig. 3, B and C). To examine the contribution of each of the four Ets motifs, we performed transcriptional assays with the reporters harboring the Ets motif mutations. As shown in Fig. 3D , Etv2 transactivated the wild-type reporter ϳ8-fold, whereas mutation of the Ets#1 or Ets#4 motifs had no effect. Mutations of the Ets#2 or Ets#3 motifs resulted in abolishment of transactivation to the baseline level (the same level as the control vector), which was comparable with the mutation of all four Ets motifs. These results indicated that the Ets#2 and Ets#3 motifs were essential for the autoactivation of Etv2, whereas the Ets#1 and #4 motifs were dispensable for transactivation by Etv2. We have reported previously that Etv2 and Gata2 synergistically transactivate gene expression in the endothelial and hematopoietic lineages (36) . We noted a conserved GATA motif adjacent to the Ets#2 motif in the Etv2 promoter ( Fig. 2B ). Therefore, we performed transcriptional assays using the Etv2 promoter-reporter construct to examine the effect of Etv2 and Gata2. As shown in Fig. 3E , both Etv2 and Gata2 transactivated the reporter individually, and there was enhanced transactivation of the promoter-reporter construct when Etv2 and Gata2 were coexpressed.
Transcriptional Regulation of Etv2 by the Vegf/Flk1-Calcineurin-NFAT Cascade-Previous studies in our laboratory
have demonstrated that Etv2 is transactivated by the Vegf/Flk1-p38-Creb1 signaling cascade (39) . To comprehensively examine the response of Etv2 to Vegf/Flk1 signaling, we performed transcriptional assays using the mutant reporters. As shown in Fig. 4A , mutation of the CREB response element (CRE) motifs (CRE#1-3m) resulted in the loss of transcriptional activation, which was consistent with our previous report (39) . We also observed that mutation of the Ets motifs (Ets#1-4m) resulted in a loss of response to Vegf/Flk1 signaling, whereas mutation of the E-box motifs (E#1-3m), Gata motif (Gata-m), or Smad motifs (Smad-m) had minimal effects on the transactivation of the Etv2 promoter-reporter by Vegf/Flk1 signaling ( Fig. 4A ). Of these four Ets motifs, mutation of Ets#1 had the highest impact on transcriptional activity, which was comparable with the mutation of all four Ets motifs (Fig. 4B ). Mutation of Ets#4 also attenuated the activity, but to a lesser extent. However, we did not observe any effect because of the mutation of the Ets#2 or Ets#3 motifs (Fig. 4B ). Previous studies have reported that the Calcineurin-NFAT cascade was one of the downstream signaling cascades activated by the Vegf/Flk1 signaling pathway (11) . To examine whether Calcineurin was involved in the transactivation of Etv2 gene expression, we utilized the constitutively active Calcineurin (CnA*) construct (51, 52) . Myoglobin promoter-reporter construct (Mb pmt) was utilized as a positive control for CnA* (53) . As shown in Fig. 4C , CnA* transactivated the wild-type Etv2 promoter reporter 7-fold. Mutation of the CRE motifs impaired the transcriptional activity to 2-fold, and mutation of the Ets motifs resulted in a complete loss of transactivation. Mutation of the E-box motifs, the Gata motif, and the Smad motifs had no effect on transcriptional activity (Fig.  4C ). As outlined above, both the Ets#1 and Ets#4 motifs were responsive to Flk1/Vegf stimulation (Fig. 4B) . To identify the Ets motif responsive to CnA* stimulation, we performed transcriptional assays using Ets motif mutants. As shown in Fig. 4D , mutation of Ets#1 resulted in minimal transactivation (1.5-fold) and mutation of the Ets#4 motif reduced transactivation to 4-fold, whereas mutation of all of the Ets motifs led to abolishment of transactivation. However, mutation of Ets#2 or #3 motifs has minimal effect. NFAT factors are well characterized downstream effectors of the Calcineurin signaling pathway (26) . As shown in Fig. 4E , Nfat3 transactivated the Etv2 wildtype reporter ϳ6-fold. Ets#1 mutation resulted in loss of transactivation, whereas mutation of the Ets#4 motif also attenuated the transactivation to 2.5-fold. Neither the Ets#2 nor the Ets#3 motif mutation had any effect on transactivation. To investigate the interaction between Nfat3 and the Etv2 promoter or enhancer, ChIP assays were employed with endogenous Nfat3 in the ES cell/EB system. As shown in Fig. 4F , the CRII region was highly enriched with Nfat3 ChIP (ϳ10-fold higher than the IgG negative control), whereas CRI region enrichment was minimal. These studies established that Vegf/Flk1 signaling also transactivated the Etv2 promoter through the Calcineurin-NFAT cascade, which was mediated by the Ets#1 and Ets#4 motifs. To assess whether Calcineurin/NFAT signaling was involved in normal development, we utilized the Etv2 minireporter cell line and inhibited this pathway with either CSA or FK506 (Fig. 4G ). We measured endogenous Etv2 expression levels and observed a robust decrease in Etv2 expression with treatment of both inhibitors (Fig. 4H) . We also measured the levels of ZsGreen transcripts and observed that our reporter was also decreased in response to treatments (Fig. 4I) . These results support the hypothesis that Calcineurin signaling is an important regulator of Etv2 and that this regulation occurs within the minireporter. Furthermore, these results validate the idea that our minireporter reflects endogenous expression levels.
Mutation of Ets Motifs or CRE Motifs-Our results demonstrated that the Ets#2 and #3 motifs were important for the regulation by Etv2, whereas the Ets#1 and #4 motifs were required for Calcineurin-NFAT signaling. Both CRE motifs #1-3 and Ets motifs #1 and #4 were essential for the full activation by the Vegf/Flk1 signaling pathway. To examine the effect of these motifs, we constructed the Etv2 promoter-Zs-Green1-DR reporters with the mutated motifs (Fig. 5A) . The #4 reporter is described in Fig. 1B . These constructs were utilized to establish the reporter ES cell lines. FACS profiles of the ZsGreen ϩ cells were examined after treatment with MG132 for 5 h. As shown in Fig. 4B , mutation of the CRE#1-3 motifs or the Fig. 1B) . The #4 construct is described in Fig. 1B . Ets#1 and #4 are NFAT-responsive motifs, whereas Ets#2 and #3 are Ets factor-binding motifs. B, FACS profiles of ZsGreen ϩ cells during ES cell/EB differentiation were performed as described in Fig. 1 . Mutation of the CRE motifs (CRE#1-3m) reduces the ZsGreen ϩ cell population as well as that of the mutation of Ets#1 and #4 (Ets#1&4m). Mutation of the Ets#2 and #3 motifs results in loss of Etv2 reporter expression.
Ets#1 and #4 motifs resulted in a decrease in the ZsGreen ϩ cell population, which may be due to the attenuation of Vegf/Flk1 response. Interestingly, mutation of the Ets#2 and #3 motifs resulted in the loss of reporter activity (Fig. 5B) . This profile was similar to that of the CRI reporter (Fig. 2B) . Therefore, the Ets#2 and #3 motifs were essential for the function of the promoter.
Transactivation of Flt1 by Etv2-We have previously reported the dysregulation of Flt1 in Etv2 knockout embryos (28) . As shown in Fig. 6A, Etv2 induced Flk1 and Flt1 expression, but not Vegfa (data not shown), in inducible ES cells. To examine the interaction between Etv2 and the Flt1 promoter, we performed a ChIP assay with the promoter (CRI) and enhancer (CRII) of the Flt1 upstream regulatory region (Fig.  6B ). As shown in Fig. 6C , we observed that Etv2 could bind to both the Flt1 promoter and enhancer. The 0.7-kb proximal promoter of Flt1 plays a critical role in the endothelial expression of Flt1 (54, 55) . Therefore, the 0.7-kb proximal CRI region was utilized as the reporter and mutation of all of the Ets motifs as the mutant reporter (Fig. 6D) . Etv2 transactivated the wild-type reporter in a dose-dependent fashion (15-fold) (Fig. 6E ). However, mutation of the five Ets motifs resulted in an ϳ70% decrease in transactivation (4-fold) (Fig. 6, D and E) . Therefore, these results supported the notion that Etv2 transactivated Flt1 gene expression directly through the Ets motifs.
Partial Rescue of the Phenotype of Flt1 Null in the Etv2 Conditional Knockout-Our studies defined a positive autoregulatory role of Etv2 (Fig. 2) . However, the 3.9-kb Etv2-EYFP cell population was increased in the Etv2 null background compared with the wild-type embryonic control. These results supported the notion of an additional negative feedback mechanism by Etv2. Because Flt1 is the negative regulator of Flk1, we hypothesized that the absence of Etv2 in the null embryo resulted in the down-regulation of Flt1. We further hypothesized that decreased Flt1 expression would lead to increased Flk1 activity, thereby up-regulating the 3.9-kb Etv2-EYFP reporter. To test these hypotheses, we crossed the 3.9-kb Etv2-EYFP transgenic mouse model into the Flt1 KO background to examine the activity of the reporter. We observed that, at E8.25, the Etv2-EYFP cell population in the Flt1 WT background (5.7%) was progressively increased in the Flt1 heterozygous (Flt1HET) background (8.0%) and the Flt1 KO background (11.6%) (Fig. 7, A and B) .
Previous studies have suggested that the lethality of the Flt1 null embryo was due to the extended and enhanced Flk1 signal (7) . We hypothesized that the induction of Etv2 via the Flk1 signal was partially responsible for the phenotype and that attenuation of Etv2 in the Flt1 null embryo would partially rescue the Flt1 null embryonic phenotype. To test our hypothesis, we bred Flt1 KO mice into the Etv2 conditional knockout background (41) . As shown in Fig. 7C , we observed normal vascular patterning in the Flt1 heterozygous embryo at E8.75, as shown by ␤-galactosidase staining for Flt1-LacZ (Fig. 7C, a and d) . In the Flt1 KO embryos, we observed significant defects, including excessive Flt1-LacZ ϩ cells, supersized vessels, a lack of vascular patterning, and developmental delay (Fig. 7C, b and e ). We observed a marked improvement in the phenotype of Flt1 null embryo in the Flk1-Cre-mediated Etv2 conditional knockout (CKO) background compared with the Flt1 KO embryo. The Flt1 KO; Etv2 CKO embryos had an intermediate phenotype that included intermediate levels of non-vascular tissues in the trunk region and the formation of multiple vascular structures (Fig. 7C, c and f) . We further examined gene expression in the partially rescued embryos using qRT-PCR analysis. We observed that the expression of Cd31, Cdh5, and Cd41 was affected minimally in Etv2 CKO embryos and increased 2-to 3-fold in Flt1 KO embryos. The expression of the three genes was returned to the normal levels in the Flt1 KO; Etv2 CKO (KO/CKO) embryos (Fig. 7D) . Taken together, these data support a partial rescue of vascular and hematopoietic lineage markers in the compound KO/CKO embryos compared with the Flt1 KO; Etv2 WT (KO/WT) embryos.
Discussion
Among the Ets transcription factors, Etv2 has an essential role in the specification of mesodermal derivatives (56) . This essential role is further marked by a limited window of expression for Etv2 during mouse embryogenesis. In this study, we deciphered the transcriptional regulation of Etv2 gene expression by defining both positive and negative feedback regulators. One of the positive autoregulatory mechanisms is mediated by the Flk1 signaling cascade. Etv2 is induced by the VEGF signal mediated by the Flk1 receptor and, in turn, transactivates Flk1 gene expression, enhancing the Flk1 signaling cascade (57) . We have reported previously that Vegf/Flk1 transactivates Etv2 gene expression through the Flk1-p38-Creb1 cascade through the proximal CRE motif (designated CRE#1 in this study) (39) . Our data in this study support the conclusion that the Flk1calcineurin-NFAT cascade is another important signaling pathway that transactivates Etv2 gene expression upon Vegf/ Flk1stimulation. We demonstrate that NFAT activates the Etv2 promoter through the Ets#1 and Ets#4 motifs and that treatment with CSA or FK506 inhibited endogenous Etv2 transcription as well as the reporter gene. In agreement with this observation, it has been shown that Calcineurin mutant embryos have vascular developmental abnormalities, and double knockout embryos that lack Nfat3 and Nfat4 have perturbed vascular structures (21) . In addition, studies have demonstrated that the inhibition of Calcineurin activity during a defined E7.5-E8.5 window perturbs vascular development (21) . Collectively, these data establish that the Vegf/Flk1 signaling pathway transactivates Etv2 gene expression through two independent pathways: the Flk1-p38-Creb1 and Flk1-Calcineurin-NFAT pathways.
This study also demonstrates another positive feedback-regulatory mechanism because Etv2 interacts and binds to Ets#2 and Ets#3 motifs in its own promoter and transactivates gene expression. In addition, we demonstrate that Gata2 synergistically activates the Etv2 promoter. Therefore, Gata2, in addition to its role in synergizing with Etv2 and activating Etv2 downstream targets (36) , may play a role in autoactivation of Etv2. The autoactivation by Etv2 provides an amplification mechanism of gene expression. In this fashion, Etv2 may be able to reach its peak expression level shortly after its initial expression. The autoactivation mechanism is essential for Etv2 gene expression because mutation of the Ets motifs results in loss of promoter activity. There is a possibility that other Ets factors may function as the upstream activators of Etv2. Although we have observed that both overexpressed Ets1 and Ets2 can transactivate the Etv2-luciferase reporter in the transcriptional assays (data not shown), the lack of early hematoendothelial lineage defects in Ets1 mutant mice (58 -60) as well as the Ets1 and Ets2 double knockout embryos (61) support the notion that Ets1 and Ets2 are not required for activation of Etv2, at least during the initial expression of Etv2.
Interestingly, after 24 h of forced expression, we observed a negative effect of Etv2 on endogenous Etv2 expression. This suggested an indirect negative feedback mechanism, and we propose a negative feedback loop that is mediated through the Etv2-Flt1-Flk1 cascade (Fig. 7E ). Previous studies have shown that Flk1 signaling induces the expression of Flt1, which dampens the Flk1 signal, thereby functioning as a negative feedback mechanism to limit Flk1 activity for the maturation of endothelial cells (62) . In this study, we discovered that Etv2 mediates the Flk1 signal to transactivate Flt1 gene expression and is negatively regulated by the feedback mechanism. We demonstrate that the phenotype of the Flt1 null embryo (i.e. superactivation of the Flk1 signal because of the lack of negative feedback) is partially rescued by conditionally deleting Etv2, a mediator of the Flk1 signal, in the endothelial lineage (Fig. 7E) .
In summary, we propose that the positive and negative loops that regulate Etv2 gene expression explain the mechanism of tight temporal control of Etv2. Etv2 is initially induced in the mesoderm by the Vegf/Flk1 signaling pathway, which is mediated by Creb, Mesp1, and NFATs (39 -41, 64) . Etv2 activates its own promoter and Flk1, which initially augment the Etv2 protein level. Because this mechanism relies on the production of Etv2 (as opposed to degradation of a protein), the response is relatively rapid. Flt1, in contrast, is induced at the same time. . Partial rescue of the Flt1 null embryonic phenotype in the Etv2 conditional knockout background. A, representative FACS profiles of side scatter area (SSCA) versus EYFP in the 3.9-kb Etv2-EYFP cells in the Flt1 WT, Flt1 HET, and Flt1 KO embryos at E8.25 stage. B, quantitative analysis of the FACS data in A. The percentage of the 3.9-kb Etv2-EYFP cells in the Flt1 WT embryos is ϳ5.7%, whereas the percentage is increased to 8.0% in the Flt1 HET embryos and 11.6% in Flt1 KO embryos. *, p Ͻ 0.05. C, morphological analysis of representative E8.75 LacZ-stained embryos demonstrating a normal vascular pattern in Flt1 HET (LacZ knockin/knockout) embryos (a) and significant defects, such as lack of vascular patterning and a developmental delay in Flt1 KO embryos (b). Crossing the Flt1 knockout to a Flk1-Cre-mediated Etv2 conditional knockout rescues the Flt1 null embryonic vascular phenotype (c). Further histological analysis of LacZ-stained embryos shows the normal vascular patterning of Flt1 HET (d) and a reduction of lateral plate and paraxial mesoderm in exchange for excessive Flt1-LacZ ϩ cells in Flt1 KO embryos (e). Flt1 KO; Etv2 CKO embryos featured an intermediate phenotype that includes intermediate levels of nonvascular tissue in the trunk region and formation of multiple vessel structures. Scale bars ϭ 100 m. D, gene expression in the Flt1 null embryos using qRT-PCR analysis. Expression of CD31, Cdh5, and CD41 was analyzed to validate rescue at the molecular level. Three biologically independent E8.5-9.0 embryos were analyzed in triplicate. WT/WT, Flt1 wild-type/Etv2 wild-type; WT/CKO, Flt1 wild-type/Etv2 conditional knockout; KO/WT, Flt1 knockout/Etv2 wild-type; KO/CKO, Flt1 knockout/Etv2 conditional knockout (n ϭ 3 for each genotype). E, diagram of the negative feedback loop demonstrated by this experiment. Flk1 activates Etv2, whose product, in turn, activates Flt1, along with other target genes. Flt1 competes with the Flk1 signal and results in the reduction of Etv2 expression level. In the absence of Flt1, the Flk1 signal is hyperactivated, resulting in excessive production of the endothelial lineage. Conditionally deleting Etv2 in the vascular lineage reduces this hyperendothelialization phenotype.
However, it functions by competing with the pre-existing Flk1 receptors on the cell membrane. Therefore, the response to negative feedback is slower compared with the positive feedback mechanism. This introduces a delay in the negative feedback mechanism and confers rapid induction and extinguishment of the Etv2 gene.
